Chemical contamination levels and stable isotope ratios provide integrated information about contaminant exposure, trophic position and also biological and environmental influences on marine organisms. By combining these approaches with otolith shape analyses, the aim of the present study was to document the spatial variability of Hg and PCB contamination of the European hake (Merluccius merluccius) in the French Mediterranean, hypothesizing that local contaminant sources, environmental conditions and biological specificities lead to site-specific contamination patterns. High Hg concentrations discriminated Corsica (average: 1.36 ± 0.80 μg g− 1 dm) from the Gulf of Lions (average values < 0.5 μg g− 1 dm), where Rhône River input caused high PCB burdens. CB 153 average concentrations ranged between 4.00 ± 0.64 and 18.39 ± 12.38 ng g− 1 dm in the Gulf of Lions, whatever the sex of the individuals, whereas the highest values in Corsica were 6.75 ± 4.22 ng g− 1 dm. Otolith shape discriminated juveniles and adults, due to their different habitats. The use of combined ecotracers was revealed as a powerful tool to discriminate between fish populations at large and small spatial scale, and to enable understanding of the environmental and biological influences on contamination patterns.
Introduction
The release of chemical contaminants in the marine environment is one of the main threats currently altering marine individuals, populations and ecosystems (Fitzgerald and Clarkson, 1991; Fleeger et al., 2003; Halpern et al., 2008; Tartu et al., 2013) . This issue is of particular concern in the Mediterranean Sea, as the numerous highly-populated and industrialized countries around this sea exert a strong pressure on it (Durrieu de Madron et al., 2011) . Amongst all contaminants, mercury (Hg) and polychlorobiphenyls (PCB) are of particular concern. Mercury is emitted in the environment as a volatile metal (Hg 0 ) of both natural and anthropogenic origins, with a three-fold increase in anthropic emissions since the industrial era (Streets et al., 2011; UNEP, 2013; Lamborg et al., 2014) . After deposition, as Hg II , Hg is transformed by bacteria into methylmercury (MeHg), its bioamplifiable and toxic form. The case of Hg is peculiar in the Mediterranean, as biogeochemical and biological features of this sea cause the "Mediterranean mercury anomaly", i.e. higher Hg concentrations in Mediterranean organisms than in conspecifics from other environments, whereas Hg concentrations in water or sediment do not differ (Aston and Fowler, 1985; Cossa and Coquery, 2005; Cossa et al., 2009 Cossa et al., , 2012 Harmelin-Vivien et al., 2009; Heimbürger et al., 2010) . Polychlorinated biphenyls (PCBs) are a group of synthetic organochlorinated compounds which have been produced as commercial technical mixtures since the 1920s. They have been used in a wide range of applications, such as coatings, inks, flame retardants and paints, but their major applications were in electric appliances, heat transfer systems and hydraulic fluids. PCB open applications were banned in many countries in the 1970's but remained in use in closed systems (such as capacitors and transformers) before a complete ban in the 1990's. However, their high lipophilicity and environmental stability make them persist in the environment for long periods, resulting in a wide geographical distribution. These compounds are considered among the most dangerous pollutants because of their toxicity (Ahlborg and Hanberg, 1994; Loonen et al., 1996) stability, long biological half-life, and high liposolubility. A decrease of PCB concentrations in biota is thus currently expected (Aguilar and Borrell, 2005) , but few long-term studies are available to document this trend. Both MeHg and PCBs are bioaccumulable and biomagnifiable along food chains, with a potential risk for high trophic level predators (Borgå et al., 2001; Fisk et al., 2001; Nfon and Cousins, 2006) .
Since consuming contaminated marine products is the main source of human contamination (Fitzgerald and Clarkson, 1991; Endo et al., 2013) , most studies were dedicated to assessing this risk, by documenting crude Hg or PCB levels in marine products, with little interest in the underlying biological or environmental processes (e.g. Bocio et al., 2007; Storelli, 2008; Storelli and Barone, 2013) . Chemical contaminants emerged recently as useful ecotracers of trophic patterns or environmental parameters when used in combination with other tools, mostly stable isotope analyses (Fisk et al., 2002; Chouvelon et al., 2014; Cresson et al., 2014; Brown et al., 2015; Lavoie et al., 2015) . This combined approach has become classical, since the C and N stable isotope ratio or the contaminant level of a fish is dependent upon its diet and the two techniques provide complementary time-and space-integrated information about trophic patterns. The nitrogen isotopic ratio and contaminant burden increase with trophic level providing combined information about the position of an organism in the trophic web. In a similar way, contaminant analyses can discriminate between two organic matter (OM) sources with similar isotopic ratios but different contamination levels (Cresson et al., 2014; McMeans et al., 2014) . Finally, contamination levels and stable isotope ratios are under the control of different metabolic and environmental processes, such as local contamination source, growth rate or primary production intensity (Fisk et al., 2001 (Fisk et al., , 2002 Hoekstra et al., 2003; Bodiguel et al., 2009a Bodiguel et al., , 2009b Dierking et al., 2009; Cossa et al., 2012; Harmelin-Vivien et al., 2012a) . Combining the results provided by these techniques was thus recently used as an effective tool to discriminate between different local populations influenced by different environmental conditions or contaminant sources (Carravieri et al., 2014; Chouvelon et al., 2014; Brown et al., 2015; Lavoie et al., 2015) . In a similar way, analyzing the shape of otoliths provides information about the local environmental conditions. Otoliths ("earstones") are calcified pieces of the inner ear of teleosts (ray-finned fishes), the general shape of which is species-dependent. At a fine scale, within-species variation of the shape can reveal the influence of environmental parameters such as temperature and/or food availability (Lombarte and Lleonart, 1993; Gagliano and McCormick, 2004; Mérigot et al., 2007; Morat et al., 2012b) . Despite being a promising approach, otolith shape, contaminant, and stable isotope analyses have not to date been used in combination.
In the French Mediterranean, the Gulf of Lions is an area of great ecological and economic importance but also of great concern, and under the major influence of the Rhône River. On the one hand, the Rhone River watershed is highly populated and industrialized, and the river is an important source of contaminants to the Gulf of Lions (Miralles et al., 2006; Radakovitch et al., 2008; Cossa et al., 2014; Mourier et al., 2014) . The Rhone River is considered notably as an important source of PCB, due to the heavy historical contamination of the river's sediments by chemical industry wastes (Durrieu de Madron et al., 2011; Mourier et al., 2014) . On the other hand, the Rhône River runoff is the main source of OM in the Gulf of Lions, enhancing the biomass production of harvested fish species (Salen-Picard et al., 2002) . More than 90 % of the French Mediterranean fisheries are located in the Gulf of Lions, with European hake (Merluccius merluccius Linnaeus, 1758) being the most important species (Aldebert et al., 1993; Bănaru et al., 2013) . In the 1990's, the French fleet trawled 2 220 metric tons (t) of hake annually (Aldebert et al., 1993) . Nowadays, these catches range between 780 and 1 500 t (Ifremer Fisheries Information System, P. Lespagnol, pers. comm.). Captures are mostly composed of juvenile individuals (13-14 cm) trawled on the continental shelf, as adult individuals migrate to deeper zones (up to 800 m depth) when growing (Recasens et al., 1998; Maynou et al., 2003) . Since their growth rate is slower (de Pontual et al., 2006; Mellon-Duval et al., 2010) , males stay longer on the shelf, and are predominantly harvested, which explains the imbalanced sex-ratio and the predominance of female hake in the Gulf of Lions. The high trophic position of hake and its predominance in Mediterranean fisheries (Aldebert et al., 1993; Harmelin-Vivien et al., 2012a; Sinopoli et al., 2012; Bănaru et al., 2013) have made necessary extensive assessment of the contamination patterns. Recent studies in the Gulf of Lions identify sex, growth rate, reproduction and diet as key factors to explain the contamination patterns (Bodiguel et al., 2009a (Bodiguel et al., , 2009b Mellon-Duval et al., 2010; Cossa et al., 2012; HarmelinVivien et al., 2012a) . In particular, the lower burdens measured in females were explained by their faster growth which dilutes the contamination by a higher synthesis of tissues, and by the elimination of organic contaminants such as PCB during spawning (Bodiguel et al., 2009a) .
Nevertheless, published studies have not investigated the spatial variation of PCB and Hg contamination in the French Mediterranean. In addition, the Hg and PCB concentration in Corsican fish have been poorly investigated (Porte et al., 2002; Cresson et al., 2015) . Consequently, the aims of the present study were to document the spatial contamination pattern in Mediterranean hake, with a special focus on Corsica, in order to investigate whether contamination patterns can be considered as site-specific, and if they can discriminate between local populations, as previously observed for other species or environments (Dierking et al., 2009; Chouvelon et al., 2014) . The use of combined biomarkers would allow understanding of the relative importance of each marker to discriminate the influence of local contamination sources from environmental and biological features. Notably, ontogenetic shift of habitat and of diet, bioaccumulation of contaminants through fish lifespan, PCB inputs from the Rhône River in the Gulf of Lions and oligotrophy in Corsica would be expected to be major drivers of the contamination patterns.
Material and methods

Sampling sites
European hake (Merluccius merluccius) individuals were collected by professional trawlers at three sites of the French Mediterranean (Fig. 1) , two in the western part of the Gulf of Lions (Port la Nouvelle and Le Grau du Roi) and one in northeastern Corsica (Bastia). These sites were chosen on the basis of the hypothesis that they reflect different contamination levels. Port la Nouvelle is considered as a site far from major anthropic influences and low levels of contaminants were measured in biota in this area (Dierking et al., 2009; Cresson et al., 2015) . Le Grau du Roi is close to the Rhône River mouths and high levels of contamination would be expected (Bodiguel et al., 2009a; Dierking et al., 2009) . The Bastia site in Corsica is located beyond the influence of the Gulf of Lions, with low urban and industrial development, and might consequently be expected to be a semi-pristine area (Porte et al., 2002; Galgani et al., 2006; Serrano et al., 2013) . Samples were collected in the zone usually harvested by fishermen, on the continental shelf (between 50 and 80 meters depth) of the Gulf of Lions and along the shelf break in Corsica (between 300 and 450 m depth), as the continental shelf is thinner. Fishermen were asked to collect 10 individuals in each 5 cm size-class, between 10 and 50 cm. Actual sampling size was lower due to technical constraint in the field and is detailed in Table S1 . Sampling was performed within a short period of time (Sept. -Oct. 2013 ) at all sites, outside the main reproduction period of hake in the Mediterranean (Recasens et al., 1998; Belcari et al., 2006) . After sampling, fish were stored frozen until dissection.
Sample preparation and dissection
In the lab, individuals were thawed, measured (total length, to the nearest mm) and weighed (eviscerated mass, to the nearest 0.1 g). Males and females were separated on the basis of macroscopic observation of the gonads. Small individuals with undifferentiated gonads were considered as juveniles. Fish body condition was determined using relative condition factor Kr (Le Cren, 1951) , with Kr = M e /M e '. Me is the measured eviscerated mass and M e ' is the estimated eviscerated mass, calculated as M e ' = 10 b x TL a , using parameter a and b (a = 3.3631 and b = -2.6568) calculated by Ferraton et al. (2007) in the Gulf of Lions.
Three muscle samples without skin were collected for analyses, dorsal white muscle for stable isotope analyses, muscle from the caudal peduncle for Hg determination, and the whole remaining muscle for PCBs determination, as a large amount of matter is needed for this analysis. Muscle choice was driven by international standards (Pinnegar and Polunin, 1999; Nakhlé et al., 2007) and by laboratory experience (Cresson et al., 2014 (Cresson et al., , 2015 . Muscle samples were stored frozen before freeze-drying and grinding. Muscle samples dedicated to the analysis of PCB were stored in aluminum foil previously burned (450°C, 6 h) to eliminate all OM traces. Sagittal otoliths were extracted from the cranial cavity to perform otolith shape analysis. Age determination based on otolith reading is not available for hake, as otolithbased age is overestimated (de Pontual et al., 2006) . Age of the fishes was thus determined on the basis of length -age sex-specific relationships previously calculated for hake in the Gulf of Lions (Mellon-Duval et al., 2010) .
Isotopic and contaminant analyses
C and N stable isotope ratios were determined with a continuous flow mass spectrometer (Delta V Advantage, Thermo Scientific, Bremen, Germany) coupled with an elemental analyzer (Flash EA 1112 Thermo Scientific, Milan, Italy) . Results are expressed following the standard δ notation: ). This technique allows the determination of the total Hg but not the methylmercury (MeHg). However, total Hg is a good proxy of MeHg, as MeHg represents 70 to 100 % (mean value: 98 %) of total Hg in hake (Storelli et al., 2005; Cossa et al., 2012) . Concentrations are expressed relative to the dry mass (dm) of individuals. One determination of Hg concentration was performed for each individual.
PCBs were determined following analytical procedures in accordance with standard NF ISO 10382 and XP X33-012 and summarized below. A precisely weighed amount of the powdered muscle, 2 g dry mass, was extracted with acetone, pentane and iso-octane in acid medium with liquid-solid extraction ultrasonic extraction method. For small juvenile individuals, the required amount of muscle was obtained by pooling samples resulting from several similar individuals (same origin, age and size-class). 178 analyses of PCB concentrations were run. The samples were spiked with recovery standards (CB 29 for CB 28 analysis, CB 103 for other PCBs). The solution was purified by adsorption chromatography on a Florisil column eluted with pentane. GC-MS/MS determination was carried out on a GC 7890A (Agilent) with mass spectrometry detection (MS/MS, 7000GCTQD, Agilent), equipped with capillary column HP MS 30 m x 0.25 mm i.d. x 0.25 µm film thickness (19091S-433) .
Quantification was performed with a six-point calibration curve, based on standard samples of known concentrations (between 0.09 -73 ng g -1 wet mass for PCB). Nine PCB congeners were analyzed in this work, the classical 7 PCB indicators defined by ICES (CB 28, 52, 101, 118 138, 153 , 180 -referred hereafter as ∑7) in addition to two "dioxin-like" congeners (CB 105 and 156), describing compounds with 3 to 7 chlorine molecules. Concentrations were expressed in ng g -1 dry mass. All values measured for CB 28 were lower than the detection limit (0.5 ng g -1 ) and were not taken into consideration in the analysis. Similarly, and consistently with the classical approach (Bodiguel et al., 2008 (Bodiguel et al., , 2009b Harmelin-Vivien et al., 2012a) , patterns observed for CB 153 were considered representative of the patterns observed for all congeners. The contamination profile was considered as the proportion of each chlorination class in the total PCB contamination. Measurement accuracy was checked by the analysis of certified samples, with standard deviations of ~20 % for all congeners. In addition, linearity of the regression curve was systematically verified before analyzing each new sample series, so as analytical blanks. During the analysis of the real samples, analytical blanks were systematically measured every 10 samples. The blank concentrations were always below the concentrations of the lowest standards of all congeners. Finally, a reference material (SRM 2974a, mussel tissue) was repeatedly analyzed. PCB recoveries varied between 67 to 111 %.
Otolith shape analysis
Prior to shape analysis, otoliths were oriented in the same direction and digitalized with a digital camera coupled with a stereomicroscope. The shape of the otolith was analyzed by the elliptic Fourier analysis, as described in Morat et al. (2012b) , on a dataset of 194 right otoliths. Briefly, this technique allows the transformation of the complex shape of the otolith into a set of numerical descriptors, called harmonics. Each harmonic is characterized by 4 coefficients, resulting from the projection of each point of the outline on axes (x) and (y). The first harmonic is a simple ellipse. Increasing the number of harmonics increases the complexity of the shape and thus the accuracy of the numerical description of the original shape. The lowest needed number of harmonics was determined by calculating the Fourier Power (FP) spectrum. For the n th harmonic, Fourier Power is given by the expression ( ) , with A, B, C, and D the four coefficients of the n th harmonic. The cumulated power percentage FP c is calculated as the sum of the powers of the n harmonics. The threshold of 99.99 % for the cumulated power was reached for the 12 th harmonic. As the first harmonic is an uninformative perfect ellipse which masks information from the others, it was discarded and the following 11 harmonics and the 44 resulting Fourier coefficients were used.
Numerical analyses
The variability of biometry, isotopic ratios and contamination levels were analyzed independently across sex and origin using a univariate PERMANOVA (Anderson, 2001) . Asymmetrical design was used with all factors treated as fixed. Total length, Hg and CB153 concentrations were log (X+1) transformed prior to analyses. Euclidean distance similarity matrices were generated. Since length can affect diet and contamination levels, effect of sex and origin on isotopic ratios and contamination levels was checked twice with or without length as a covariate, but was discussed considering the most appropriate analyses, i.e. without covariate to assess the effect of sex (since the smaller size of juvenile reflect biological differences) but with covariate for spatial comparisons (since the difference in sizeclass distribution between sites is due to sampling). P-values were calculated by 9999 random permutations of residuals under a reduced model and Type III sum of square (Anderson, 2001) . Significance was set at p-value = 0.05. Analyses were performed using the PRIMER 6 software and the PERMANOVA add-on (Clarke and Warwick, 2001) . The best fitting relation (linear or exponential) between length or δ 15 N and Hg or PCB concentration was determined with Generalized Linear Models as the one minimizing the Aikake Information Criterion while being significant (p-value < 0.05).
Numerical analyses about right otolith shape were performed following the methodology described in Morat et al (2012b) using a canonical discriminant analysis (CDA) based on the 44 Fourier coefficients. CDA allows verification of the integrity of groups defined a priori, and based here on geographical origin and degree of maturity (i.e. juveniles vs. adults at all sites). The performance of the analysis was assessed by the Wilks λ, which is a ratio between the intragroup and the total variances. Wilks λ range between 0 and 1, the lower the better discriminating power of the CDA. Distances between groups on the CDA representation were assessed calculating Euclidean distances between the barycenter of each group. The rate of good classification of the individuals within their pre-attributed group was assessed by a Cohen's kappa test.
Finally, the relative importance of each parameter in the general pattern was assessed by a CDA based on stable isotope ratios, log-transformed Hg and PCB concentrations, since logtransformation limits the importance of outlier values, and the coordinates of otoliths in the first two axes of the dedicated CDA. Rather than by the whole harmonics, otolith shapes were represented by the two first coordinates of the CDA that best represent variation of this descriptor. A priori groups were based on sex (juvenile, male or female) and on origin. Analyses were run with R software and "ade4" package (Chessel et al., 2004; R Core Team, 2014) .
Results
Sample size, sex ratio and morphological indices
A total of 224 individuals was sampled (69 at Le Grau du Roi, 70 at Port la Nouvelle and 85 in Bastia). Average total length was close to 270 mm (Table 1) and not significantly different between sites (PERMANOVA F = 2.16, p= 0.12; Table S2 ). The sex ratio was largely imbalanced, with predominance of juvenile individuals in the smallest size-classes, and of females for larger individuals, consistently with the biology of the species. The pattern of length is nevertheless dependent on the sex and of the sampling location (PERMANOVA F = 4.11, p = 0.003). Mean length of males and females from Port la Nouvelle and Bastia did not significantly differ (~ 300 mm TL for both sexes), whereas females from Le Grau du Roi were significantly larger than males (335 mm for females vs. 259 mm for males). Consequently, since males' growth rate is slower, males were older than females in Port la Nouvelle and Bastia, whereas males and females were of similar age in Le Grau du Roi (PERMANOVA F = 4.75, p = 0.0001). Fish condition factor varied also with site (lowest condition indices at Bastia, highest at Le Grau du Roi) and sex (highest condition factor for juveniles, no differences between adults of both sexes; Table 1) 
Carbon and nitrogen stable isotope ratios
Isotopic values ranged between -19.91 and -18.29 ‰ for δ 13 C and between 7.10 and 10.75 ‰ for δ 15 N. When considering sites separately, the difference between minimum and maximum δ 15 N values was close to 2 ‰. Origin and sex had an effect on stable isotope ratios (Fig. 2) . Isotopic ratios were significantly lower for individuals collected at Bastia than in the Gulf of Lions (PERMANOVA F = 24.04 for δ 
Mercury concentrations
Measured Hg values ranged between 0.10 and 5.03 µg g -1 (dry mass). A higher value (14.04 µg g -1 dm) was measured for a large female (> 850 mm TL) collected at Le Grau du Roi, but this individual was not included in the study due to its lack of representativeness.
The most striking feature observed for Hg was the wide spatial difference (PERMANOVA F = 319.40, p < 0.0001), driven mostly by the high concentrations measured in Corsica. Mean Hg concentration at Bastia was notably higher (1.36 ± 0.80 µg g -1 dm) than at Port la Nouvelle (0.45 ± 0.40 µg g -1 dm) or at Le Grau du Roi (0.29 ± 0.18 µg g -1 dm). Differences between Corsica and Gulf of Lions were observed whatever the fish size but were more pronounced for larger individuals (Fig. 3) . In the 15 -20 cm size class, average values measured at Bastia were ~0.6 µg g -1 dm higher than values measured in the Gulf of Lions (0.87 ± 0.31 µg g -1 dm at Bastia, 0.18 ± 0.06 µg g -1 dm at Le Grau du Roi and 0.20 ± 0.10 µg g -1 dm at Port la Nouvelle), whereas the difference was higher than 2 µg g -1 dm for individuals larger than 40 cm (3.23 ± 1.50 µg g -1 dm at Bastia, 1.02 µg g -1 dm at Port la Nouvelle and 0.61 ± 0.18 µg g -1 dm at Le Grau du Roi). As a consequence, significant correlations were observed between length or trophic level and Hg concentrations, with the exponential model being the best fit in all cases except for the correlation between length and Hg at Port la Nouvelle (Fig. 3, Table S3 ).
PCB concentrations
The predominant part of the PCB contamination was represented by highly chlorinated compounds, whatever the sex and the origin of the fish. CB 153, 138 and 180 represent nearly 80 % of the PCB contamination, with CB 153 representing more than 40 % (Table 2) . CB 153 concentration and ∑7 were strongly correlated (∑7 = 0.87 + 2.18 [CB 153]; r² = 0.99, p-value < 0.0001), justifying the use of this congener as a proxy of PCB contamination. In contrast, tri-and tetra-chlorinated congener were quite absent, with all CB 28 concentrations below detection limits, and CB 53 representing always less than 2 % of the total PCB burden. Average CB 153 concentration was 8.85 ± 8.58 ng g -1 dry mass, but with major variability, between sexes and sites. Individual concentrations ranged between 1.23 and 47.96 ng g -1 dm. Regarding the sex, concentrations followed an increasing order: juveniles < females < males when all sites were combined. When sex and sites are considered, this pattern was conserved at Port la Nouvelle and Bastia, but females exhibited higher CB 153 concentrations than males at le Grau du Roi. This trend is observed for all PCB congeners (Fig. S1 ). Values measured at Bastia were lower than in the Gulf of Lions (PERMANOVA F = 26.80, p < 0.0001), where higher concentrations were measured at Port la Nouvelle when all sexes were considered together. This might result from the low values measured in males at le Grau du Roi, since females and juveniles collected at this site exhibited significantly higher CB 153 burdens than at Port la Nouvelle. Significant correlations were observed between CB 153 and length or trophic level in the Gulf of Lions, with the exponential model best fitting the data at Le Grau du Roi, and the linear model at Port la Nouvelle. At Bastia, CB 153 concentrations were not correlated with length or trophic level (Fig. 3, Table S2 ).
Otolith shape
The first plan of the CDA on Fourier coefficients explained 57 % of the variability, with ~75 % of good reclassification (Cohen's kappa test). Results highlighted discrepancies between individuals from Corsica and the Gulf of Lions on the one hand, and between juveniles and adults on the other hand (Fig. S2 ). Wide differences (average value of Euclidean distances between barycenter of groups: 1.90 ± 0.46) were observed between individuals from Corsica and from the Gulf of Lions. The lowest Euclidean distance measured in the dataset was calculated between the barycenter of the groups formed by adults from both sites in the Gulf of Lions (d = 0.73). This value is lower than distances calculated between juveniles and adults from the same sites (d = 1.38 at Port la Nouvelle and d = 2.11 at Le Grau du Roi respectively) or between juveniles from both sites (d = 1.21). Finally, it is of interest to note that juveniles from Le Grau du Roi are very distant from other sites (Euclidean distances ranging between 2.09 and 2.59).
Canonical discriminant analysis on combined parameters
The general CDA based on all variables explained nearly 70 % of the variability, and discriminated well the individuals, on the basis of their sex and their origin, since 67 % were well-classified within the predefined group (Fig. 4) . In addition, 20 % of the remaining individuals were attributed to their actual site but to a wrong sex. The most efficient reclassification was observed for juveniles of both sites in the Gulf of Lions and for females from Port la Nouvelle (percentage of good reclassification > 70 %), whereas males from the Gulf of Lions were poorly reclassified. The first axis was based on the opposition between Hg and δ 15 N values and discriminated individuals from Bastia vs. individuals from the Port la Nouvelle and Le Grau du Roi. The second axis was mostly based on the otolith shape parameters, and separated juveniles from adults at all sites, with a marked pattern in the Gulf of Lions.
Discussion
Stable isotope ratios, contamination levels and otolith shape allowed a clear discrimination between hake in the Gulf of Lions and in Corsica. Since contamination is mainly driven by the diet (Hall et al., 1997; Cresson et al., 2014) and as Hg and PCB are biomagnified through the trophic network, determining accurately the diet and trophic position of fish is crucial to understanding contamination patters. Additionally, contamination patterns are also driven by local contamination sources, the biology of the species, and environmental specificities (Bodiguel et al., 2009a; Cossa et al., 2012; Brown et al., 2015; Cresson et al., 2015) . Assessing a site-specific contamination pattern thus requires a good understanding of all these parameters.
The Rhône River, main driver of the pattern in the Gulf of Lions
The Rhône River is the major organic matter (OM) and contaminant source for the Gulf of Lions. Its influence on coastal fish populations was previously demonstrated (Salen-Picard et al., 2002; Darnaude et al., 2004; Dierking et al., 2009; Morat et al., 2014) . Results obtained for juvenile hake, whose habitat is shallower, smaller and more coastal than that of adults, confirmed this conclusion (Recasens et al., 1998; Maynou et al., 2003; Ferraton et al., 2007; Druon et al., 2015) . Considering isotopic ratios, juveniles exhibited lower values than adults. This change could be explained by the ontogenetic change of diet (Ferraton et al., 2007; HarmelinVivien et al., 2012a HarmelinVivien et al., , 2012b Sinopoli et al., 2012) . The correlation between δ 15 N and length observed here is consistent with observations from other studies in the Mediterranean Sea or the Atlantic Ocean (Harmelin-Vivien et al., 2012a; Chouvelon et al., 2014) . The other isotopic trend observed for juveniles is their δ 13 C value lower than that of adults. Change of δ 13 C observed between juveniles and adults could reflect the integration of land-derived OM in the trophic network of juvenile hake, whereas higher δ 13 C values for adults would be consistent with a greater importance of planktonic-derived OM. In the Gulf of Lions, riverine inputs are classically identified by low δ 13 C values -between -30 and -25 ‰ -whereas phytoplankton range between -23 and -19 ‰ (Darnaude et al., 2004; Harmelin-Vivien et al., 2010; Cresson et al., 2012) . Such an influence of riverine inputs on hake juveniles was previously observed at the mouth of the Rhône River, as juveniles collected closer to the river mouth exhibit lower δ 13 C values than individuals collected further offshore (Ferraton et al., 2007) . At Port la Nouvelle, three coastal lagoons and several flash-flooding rivers could also represent important sources of land-derived OM (Kim et al., 2007) . In Corsica, the Golo River may also represent a terrigenous OM source for juveniles (Mulder et al., 2003) . These riverine inputs could also explain the higher condition factors calculated for juveniles than for adults. At Le Grau du Roi, massive amounts of OM washed down by the Rhône river would explain the highest condition factor measured, as well as the great differences in otolith shape, as previously observed for other species such as red mullet or common sole (Mérigot et al., 2007; Morat et al., 2012b) . These amounts of OM would also be associated with inputs of PCB, explaining the higher values measured in females and juveniles at Le Grau du Roi. The predominance of highly-chlorinated congeners is consistent with a local source of PCB, since high chlorination precludes long-distance transport (Dierking et al., 2009; Brown et al., 2015) . In contrast, the decreasing burdens in Port la Nouvelle would be consistent with the absence of a major local source in the western part of the Gulf of Lions (Dierking et al., 2009) . The general trend of higher level of PCB in males than in females was also consistent with previous results, due to growth and reproduction discrepancies (Bodiguel et al., 2009a (Bodiguel et al., , 2009b HarmelinVivien et al., 2012a) . The trend measured at Le Grau du Roi consequently appeared as an oddity, as males exhibited an unexpectedly low PCB burden with regard to their sex and sampling location. Their smaller size and lower weight (Table 1, Fig. 2 ) might be an explanation for this low PCB burden, since trophic level, size and PCB contamination are directly correlated.
Finally, the influence of the Rhone River might explain the marked decrease of PCB concentrations observed between 2006 and the present (Harmelin-Vivien et al., 2012a). Values measured in 2013 were three to five times lower than values measured a decade ago (Table  3) , consistently with the expected reduction of burdens in biota ~25 years after the ban on PCB use (e.g. Aguilar and Borrell, 2005) . Nevertheless, the high order of magnitude of the decrease should be considered in relation with) the variation of the Rhône River inputs. Even if partial decontamination can occur through spawning (Bodiguel et al., 2009a) , the PCB burden can be considered as representative of a long-term exposure to contaminants. Over the lifespan of the largest individuals collected in 2004 -2006 (i. e. at least 6 years, denoted by the grey zone in Fig. 5 ), seven flooding events were recorded (river discharge higher than 6 000 m 3 s ). The present PCB concentrations would thus represent a return to more "normal" values. Further long-term repeated surveys are thus needed to assess any actual decrease of PCB burdens.
The "Corsican mercury anomaly", an effect of oligotrophy?
Earlier studies on mercury concentrations in the Mediterranean documented a "Mediterranean mercury anomaly", i.e. higher Hg concentrations in Mediterranean individuals when compared with other oceans, even if concentrations in water or sediment were not significantly different (Aston and Fowler, 1985; Cossa and Coquery, 2005) . Oligotrophy of the Mediterranean Sea was one of the main explanations of this discrepancy, as it drives the biogeochemical Hg cycle, the life history traits and the contamination pattern of the species (Cossa and Coquery, 2005; Harmelin-Vivien et al., 2009; Heimbürger et al., 2010; Cossa et al., 2012) . At a lower spatial scale, the present study and recent works (Andral et al., 2004; Cresson et al., 2015) have contributed to documenting an analogous "Corsican mercury anomaly". Due to its low density of population and absence of large factories, Corsica is commonly considered as a semi-pristine area with low Hg or PCB concentrations (Porte et al., 2002; Galgani et al., 2006; Pergent et al., 2011; Serrano et al., 2013) . In this context, the present high Hg values in hake muscle are unexpected and can be qualified as an "anomaly". But, similarly to the trend observed at a larger spatial scale throughout the Mediterranean (Aston and Fowler, 1985; Cossa and Coquery, 2005) , oligotrophy may be the cause of the discrepancies observed for Corsican hake as it drives the biogeochemical cycle of Hg and the life history parameters of individuals.
From a biogeochemical point of view, the phytoplanktonic communities of Corsica are dominated by pico-and nanophytoplankton (Garrido et al., 2014) . The presence of these small cells (0.2 to 20 µm) is associated with an enhanced methylation activity, leading to high amounts of MeHg (Heimbürger et al., 2010 ) and also to a lower biodilution of Hg in biogenic particles at the base of the trophic network (Cossa et al., 2012) . Accordingly, higher amounts of Hg would be available for bio-magnification through the trophic network. Similarly, the predominance of small phytoplanktonic cells would explain the low isotopic ratios, as a significant correlation is observed between phytoplankton size and isotopic ratios. The lower the cell, the lower the isotopic ratios (Rau et al., 1990) .
From a biological point of view, lower production leads to lower growth rate of organisms, thus lower bio-dilution of Hg contamination in newly synthesized tissues. Recent studies have documented the predominant effect of growth to explain the Hg concentration discrepancies in hake, between the Gulf of Lions and the Bay of Biscay in the Atlantic Ocean (Cossa et al., 2012) , but also at a lower spatial-scale between the northern and the southern parts of the Bay of Biscay (Chouvelon et al., 2014) . In hake, as otolith reading is not feasible, accurate assessment of the growth rate requires dedicated extensive work (e.g. de Pontual et al., 2006; Mellon-Duval et al., 2010) . Nevertheless, low condition factors calculated in Corsica, whatever the sex, demonstrated a lower availability of nutritional resources. Similarly, the marked differences in otolith shape in Corsica might reflect different nutritional conditions, since food availability affects otolith shape (Gagliano and McCormick, 2004) . The growth parameters calculated in the mesotrophic Gulf of Lions for faster-growing individuals might thus overestimate the age of Corsican fish. This could explain why the difference in Hg concentration between Corsica and the Gulf of Lions was higher for larger individuals. As they grow slower, Corsican large hake would be notably older than individuals of the same size in the Gulf of Lions. Their rather high Hg concentrations would thus reflect a longer exposure time. The presence of natural Hg sources along the Tuscan coast could also influence larger individuals which may consume prey with high Hg content, due to volcanic emissions (Barghigiani and de Ranieri, 1992) . This influence is nevertheless restricted to the larger individuals with strong movement capacity, due to the distance between the coasts of Corsica and Tuscany (~ 100 km). Finally, the deeper habitat of Corsican hake may have a synergistic effect on all the parameters studied, as oligotrophy increases with depth, and consequently reduce the growth rate, alter the otolith shape and isotopic ratios and increase Hg concentrations (Lombarte and Lleonart, 1993; Polunin et al., 2001; Choy et al., 2009; Drazen and Haedrich, 2012; Cresson et al., 2014) .
Combining multiple biomarkers to interpret contamination patterns and separate local populations
In the recent years, contaminant analyses switched from a public health focused approach (i.e. assessing the risk of human contamination while consuming marine products) to an ecological approach (i.e. using contaminants as proxies of ecological processes). Combining stable isotope and contaminant analyses is nowadays classical as it covers both approaches. Adding otolith shape analyses has not been used so far in contamination studies but the results of the present study have demonstrated that it can be a powerful tool, since it provides a finer vision of the environmental parameters influencing trophic and contamination patterns at local scale.
At the large scale, the major difference observed between the Gulf of Lions and Corsica was mainly driven by the Hg and δ 15 N difference, as denoted by the position of both groups in the first plan of the general CDA (Fig. 4) . Oligotrophy, as it drives high Hg content and low δ 15 N values in Corsica, thus appeared as the major environmental parameter to consider. The discriminating power of PCB was lower, but the good reclassification of females and the relative position of all groups from the Gulf of Lions (Le Grau du Roi on the right of Port la Nouvelle) seemed to demonstrate that it has nevertheless to be considered. The unexpectedly low values measured for males at Le Grau du Roi might have potentially blurred the signal and may explain why males were poorly reclassified. This discrimination within two subpopulations was consistent with the expected distribution pattern of hake in the French Mediterranean and the stocks management policy, with one population in the Gulf of Lions, and another in the Tyrrhenian Sea (GFCM, 2014) . The use of contaminants has been previously successfully applied to separating subpopulations of marine species at a broad (~100 km) geographical scale, on the basis of their proximity to a contaminant source or their different habitat use (Dierking et al., 2009; Carravieri et al., 2014; Chouvelon et al., 2014; Brown et al., 2015) . These studies also confirmed that a combined approach is needed, and that isotopic or contaminant biomarkers alone are not sufficient. At a finer spatial scale, the use of otolith shape proved of major interest to characterize the different habitats between juvenile and adults in the Gulf of Lions. In contrast, the low difference between adults of the two sites might reflect some mixed populations and their occurrence in similar environmental conditions. With regard to Corsica, shape was not a major discriminating factor between adults and juveniles, even if conclusions might be limited by the low number of otolith shape analyses performed on juveniles. Nevertheless, it may be hypothesized that the limited width of the continental shelf in Corsica potentially limits the amount of shallow habitat favorable for juveniles and may impose the coexistence of adults and juveniles within the same habitat. Combining contaminant, stable isotope and otolith shape analyses provided a basis for the refining of previous knowledge regarding hake contamination in the French Mediterranean, by adding a spatial and temporal component to earlier studies. It allowed discriminating between the Gulf of Lions and Corsica. PCB appeared as a major tracer of individuals collected in the Gulf of Lions, reflecting the integration of Rhône River inputs of OM and of contaminants in this zone. Consistently with previous results, oligotrophy was the main driver of the "Corsican Hg anomaly". In the whole of the French Mediterranean, the expected sitespecific contamination pattern confirmed the suitability of contaminants as effective tracers of local processes and thus capable of efficiently discriminating between local populations. The combined use of isotopic and otolith markers allows a finer discrimination, based on ontogenic shifts of habitat and diet. As the contamination profiles result from a synergistic effect of several biological and environmental parameters, the multimarker approach used in the present work proved a powerful tool to confirm the relative role of each parameter. Toxicology 46, 2782 -2788 . doi:10.1016 /j.fct.2008 .05.011 Storelli, M.M., Barone, G., 2013 N, ‰) in hake, depending on the sampling site (white plot with red border: Bastia, light grey with green border: Le Grau du Roi and dark grey with blue border: Port la Nouvelle) and of the sex of the individuals (circle: juveniles, square: females and triangle: males). For interpretation of color references in this figure legend, the reader is referred to the web version of this article. quartiles, line is the median value, and whiskers extend from the hinge to the highest or lowest value that is within 1.5 × interquartile range. Points are outlier values. Shape of the curves represent the best fitting model; see Table S2 for the parameters of the regressions. For interpretation of the color references in this figure legend, the reader is referred to the web version of this article. N ratios, log Hg and log CB 153 concentrations, and on the coordinates of the otolith shape in the first plan of the CDA on Fourier coefficients. Shape of the symbol refers to the sex (circles: juveniles; square: females, triangles: adults) and color to the origin (white symbol with red border: Bastia, grey symbol with green border: Le Grau du Roi, black symbol with blue border: Port la Nouvelle). Values represent the percentage of good-reclassification for each group. For graphic purposes, origins were abbreviated (GDR: Le Grau du Roi, PLN: Port la Nouvelle). Ellipses are 75 % confidence ellipses, the color of which refers to the origin and line type refers to the sex (small dotted line: juveniles, large dotted line: females, solid line: males). Contribution of the variables to each axis is provided in the table in the upper right corner of the figure. For interpretation of the color references in this figure legend, the reader is referred to the web version of this article ). Sampling periods of the individuals compared in Table 3 are represented by the black squares above x-axis (2004) (2005) (2006) for the data from Harmelin-Vivien et al. (2012a) and 2013 for results of the present study), with the grey zones standing for the expected lifespan of the largest individuals of each sampling, and calculated on the basis of the parameters determined by Mellon-Duval et al. (2010) . Data are from the Beaucaire station, near the mouth of the river, and are courtesy of the Compagnie Nationale du Rhône. Table S1 : Actual sampling size, depending on sites, size classes and sex. Results for the individual larger than 50 cm collected at le Grau du Roi were used for comparative purposes in Table 3 
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